We apply the transitionless quantum driving method to control the electron spin of a two-electron double quantum dot with spin-orbit coupling by time-dependent electric fields. The x and y components of applied electric fields in each dot are designed to achieve fast adiabatic-like passage in the nanosecond timescale. To simplify the setup, we can further transform Hamiltonian by z axis to design an alternative speed-up adiabatic passage, without using the applied electric field in y direction.
In this Letter, we use transitionless quantum driving to design the external electric fields for rapid spin manipulation in a two-electron double QD in the presence of a static magnetic field and spin orbit coupling. Different from Berry's calculation 5 , we will apply the electric fields and take advantage of spin-orbit coupling, since the time-dependent electric fields are easy to be generated on the nanoscale by adding local electrodes 3 . In addition, in a single QD, there are only two controllable parameters, that is, x and y components of the electric fields, so that it is difficult or even impossible to produce the desired allelectrical interaction by transitionless quantum driving 9 . However, transitionless quantum driving is applicable in a two-electron double QD, as there exist more freedoms with four controllable parameters, x and y components of the external electric fields for each electron in double QD. To simplify the experimental setup and reduce the device-dependent noise, we can further apply the concept of multiple Schrödinger pictures 14 to find an alternative shortcut with only x component of the applied electric fields in our system, by z rotation of Hamiltonian. Hamiltonian-Two electrons are confined in a double QD, described as a quartic potential, where they are isolated by Coulomb blockade, illustrated in Fig. 1 . The spin-dependent Hamiltonian is H total = H s + H int , where nian H s in the form of 2 × 2 matrix,
The interactions between the electric field and the electron H int are expressed as,
where the vector potential A j (t) are related to the external electric fields, E 1 (t) = −(1/c)∂A 1 /∂t and E 2 (t) = −(1/c)∂A 2 /∂t, and v j are the spin-dependent velocity operators. We consider the SO coupling including structure-related Rashba (α) term and bulk-originated Dresselhaus (β) term for [110] growth axis,
so that the spin-dependent velocity operators become
Therefore, the total spin-dependent Hamiltonian H total is
where
To rewrite the symmetric Hamiltonian, we shift one quantity
2 ), and finally obtain Hamiltonian H total = Z 0Î + H, where
2 )]. The solution to the Schrödinger equation of H differentiates from that of H total by the factor exp[−i Z 0 (t ′ )dt ′ ], while the energy level |0, 0 and |1, 1 are shifted by Z 0 . The states after the shifting are denoted by |1 and | − 1 , respectively, and their populations remain unchanged as the ones of the previous states, |0, 0 and |1, 1 .
Transitionless fast spin tranfer -Our aim is to transfer the spin from | − 1 to |1 totally during a reasonably short time duration. The form of Hamiltonian H in Eq. 12 tells us that Y and Z are the functions of A . Different from the Hamiltonian of one electron confined in a single dot 9 , the transitionless quantum driving can be applicable to the spin control in a two-electron double QD, as we can figure out how the Hamiltonian H (including reference Hamiltonian H 0 and counter-diabatic term H 1 ) is implemented by corresponding electric fields. We may take the reference Hamiltonian H 0 as
driven by A With the help of reference Hamiltonian (13), we can write down the instantaneous eigenstates, |χ ± , satisfying H 0 |χ ± = E ± |χ ± , where the instantaneous eigenvalues are E ± = ± √ Z 2 + Y 2 /2, and the instantaneous eigenstates are
with the mixing angle θ = arccos[Z/(Y 2 + Z 2 )] and ϕ = π/2. Once the adiabaticity condition
is fulfilled, the state |Ψ 0 , the solution to the Schrödinger equation of H 0 , evolves from |Ψ 0 (0) = |χ ± (0) and follows the adiabatic approximation
Otherwise, transitions between |χ ± (0) will occur. To implement population inversion, from | − 1 to |1 , along one of instantaneous eigenstate, |χ + (t) , we set the ansatz of the vector potential A
, where a j , w j describe the change rate of A Meanwhile, the mixing angle θ goes from π to 0, crossing the point π/2 during the interval (0, t f ). With this strategy, we produce the reference electric fields E x j , displayed in Fig. 2 (c) . For the following comparison, we first show the dynamics of populations for the instantaneous eigen- Fig. 2(a) ). In practice, this process is not adiabatic, so the populations of exact solution, Ψ 0 (t), of Hamiltonian H 0 are obtained as P 0 Fig.  2(b) ), which are not consistent with that of the instantaneous eigenstates. Of course, the adiabatic passage can be realized by extending t f and increasing the electric fields, respectively. For example, if we prolong t f = 14 ns and keep the previous A x j , the process will become adiabatic, and P 0 1 (t f ) = 0.9999 is finally achieved. On the other hand, P 0 1 (t f ) = 0.9999 can be also achieved, when the magnitude of E Next, transitionless quantum driving will provide supplementary time-dependent interactions H 1 that cancel the diabatic couplings of a reference process H 0 , and make the reference process fast and adiabaticlike. The supplementary counter-diabatic term
driven by A y 1 and A y 2 , where X =θ = (Ẏ Z − YŻ)/(Z 2 + Y 2 ). As a result, the solution Ψ(t) to the Schrödinger equation of H = H 0 + H 1 becomes exactly the adiabatic approximation of H 0 . The corresponding dynamics of the populations, P 1 (t) = | 1|Ψ(t) | 2 and P −1 (t) = | − 1|Ψ(t) | 2 . The populations P 1 (t) and P 2 (t) coincide with P in 1 (t) and P in 2 (t) respectively, as shown in Fig. 2(a) . The difference between two additional y components is A should not vary very dramatically. z-axis rotation-In reality, the electron spin is subject to the device-dependent noise, which could be the amplitude noise of the electric fields 9 . It can be quite important, especially when the electric fields are relatively weak. From the above analysis, we find that four controllable parameters, E x j and E y j , x and y components of the electric fields for each electron in double QD should be applied. If y component of the electric fields can be reduced, we can decrease decoherent effects resulting from the device-dependent noise. To this end, we can apply the concept of multiple Schrödinger pictures, and make unitary transformation of Hamiltonian H by z-axis rotation 14 . We write down the dynamical Hamiltonian as follows
where tan φ = Y /X and Q = √ X 2 + Y 2 . By applying the unitary transformation 
which amounts to a rotation around z axis by the angle π/2 − φ, we calculate the new Hamiltonian
and finally obtain without σ x term. We should notice that the dynamics of Hamiltonian H = H 0 + H 1 and H ′ is not the same (the populations are the same because of z rotation). However, the Hamiltonian H ′ is equal to the original one Fig. 3 (a) .
At the final time, P n 1 (t f ) = 1 and the population is completely inverted. The new electric fields only in x direction are shown in Fig. 3 (b-c) with some corrections compared with the previous ones E x 1 and E x 2 . Conclusion-We propose the shortcuts to manipulate the spin states formed in a two-election double QD by using transitionless quantum driving. The Hamiltonian H is divided into two parts, the reference process H 0 , driven by A By applying x and y components of electric fields for each electron, the spin system follows exactly the adiabatic approximation of the reference Hamiltonian H 0 , in the time scale of nanosecond. In order to simplify the setup, and decrease the device-dependent noise effect, we further transform the Hamiltonian by z axis and obtain the new Hamiltonian implemented only by x component of electric fields. This provides an alternative shortcut to realize the fast and adiabatic-like spin control. We hope these results may lead to the applications in spintronics and quantum information processing with the state-of-the-art technique.
